Insulin signaling is essential for normal glucose homeostasis. Rho-kinase (ROCK) isoforms have been shown to participate in insulin signaling and glucose metabolism in cultured cell lines. To investigate the physiological role of ROCK1 in the regulation of whole body glucose homeostasis and insulin sensitivity in vivo, we studied mice with global disruption of ROCK1. Here we show that, at 16 -18 weeks of age, ROCK1-deficient mice exhibited insulin resistance, as revealed by the failure of blood glucose levels to decrease after insulin injection. However, glucose tolerance was normal in the absence of ROCK1. These effects were independent of changes in adiposity. Interestingly, ROCK1 gene ablation caused a significant increase in glucose-induced insulin secretion, leading to hyperinsulinemia. To determine the mechanism(s) by which deletion of ROCK1 causes insulin resistance, we measured the ability of insulin to activate phosphatidylinositol 3-kinase and multiple distal pathways in skeletal muscle. Insulin-stimulated phosphatidylinositol 3-kinase activity associated with IRS-1 or phospho-tyrosine was also reduced ϳ40% without any alteration in tyrosine phosphorylation of insulin receptor in skeletal muscle. Concurrently, serine phosphorylation of IRS-1 at serine 632/635, which is phosphorylated by ROCK in vitro, was also impaired in these mice. Insulin-induced phosphorylation of Akt, AS160, S6K, and S6 was also decreased in skeletal muscle. These data suggest that ROCK1 deficiency causes systemic insulin resistance by impairing insulin signaling in skeletal muscle. Thus, our results identify ROCK1 as a novel regulator of glucose homeostasis and insulin sensitivity in vivo, which could lead to new treatment approaches for obesity and type 2 diabetes.
Insulin signaling is essential for normal glucose homeostasis. Rho-kinase (ROCK) isoforms have been shown to participate in insulin signaling and glucose metabolism in cultured cell lines. To investigate the physiological role of ROCK1 in the regulation of whole body glucose homeostasis and insulin sensitivity in vivo, we studied mice with global disruption of ROCK1. Here we show that, at 16 -18 weeks of age, ROCK1-deficient mice exhibited insulin resistance, as revealed by the failure of blood glucose levels to decrease after insulin injection. However, glucose tolerance was normal in the absence of ROCK1. These effects were independent of changes in adiposity. Interestingly, ROCK1 gene ablation caused a significant increase in glucose-induced insulin secretion, leading to hyperinsulinemia. To determine the mechanism(s) by which deletion of ROCK1 causes insulin resistance, we measured the ability of insulin to activate phosphatidylinositol 3-kinase and multiple distal pathways in skeletal muscle. Insulin-stimulated phosphatidylinositol 3-kinase activity associated with IRS-1 or phospho-tyrosine was also reduced ϳ40% without any alteration in tyrosine phosphorylation of insulin receptor in skeletal muscle. Concurrently, serine phosphorylation of IRS-1 at serine 632/635, which is phosphorylated by ROCK in vitro, was also impaired in these mice. Insulin-induced phosphorylation of Akt, AS160, S6K, and S6 was also decreased in skeletal muscle. These data suggest that ROCK1 deficiency causes systemic insulin resistance by impairing insulin signaling in skeletal muscle. Thus, our results identify ROCK1 as a novel regulator of glucose homeostasis and insulin sensitivity in vivo, which could lead to new treatment approaches for obesity and type 2 diabetes.
The ability of insulin to acutely stimulate glucose uptake and metabolism in peripheral tissues such as skeletal muscle and adipose tissue is critical for the regulation of normal glucose homeostasis (1) . Impairments in insulin secretion and in the response of peripheral tissues to insulin (i.e. insulin resistance) are major pathogenic features of type 2 diabetes and contribute to the morbidity of obesity (1, 2) . Insulin action involves a series of signaling cascades initiated by insulin binding to its receptor, eliciting receptor autophosphorylation and activation of the receptor tyrosine kinase, resulting in tyrosine phosphorylation of insulin receptor substrates (IRSs) 4 (3) . Phosphorylation of IRSs leads to activation of phosphatidylinositol 3-kinase (PI3K) and subsequently to activation of Akt and its downstream mediator AS160, all of which are important steps for the stimulation of glucose transport induced by insulin (4 -6). Although the mechanism(s) underlying insulin resistance are not completely understood in peripheral tissues such as skeletal muscle, they are thought to result, at least in part, from impaired insulin-stimulated signal transduction (7) .
Rho-kinase (ROCK) is a Ser/Thr protein kinase identified as a GTP-Rho-binding protein (8) . There are two isoforms of Rhokinase, ROCK1 (also known as ROCK␤) (9, 10) and ROCK2 (also known as ROCK␣) (9, 11) . ROCK activity is enhanced by binding with RhoA GTP through a Rho-binding domain (8) . Insulin activates geranylgeranyltranferase and increases the cellular amounts of geranlygeranylated RhoA, leading to increased RhoA activity (12) . ROCK plays important roles in many cellular processes, including signal transduction, vesicle trafficking, and cytoskeletal organization (13, 14) , key processes involved in insulin-stimulated glucose transport in myocytes and adipocytes (15) (16) (17) . Previous studies have indicated that ROCK chemical inhibition is beneficial for reversing certain disease abnormalities in hypertension and diabetic nephropathy (18 -20) . Studies of the effects of ROCK inhibitors on glucose homeostasis in animals have yielded conflicting results, however. In obese Zucker rats, chronic treatment with the ROCK inhibitor fasudil decreases blood pressure and improves glucose tolerance (21) . However, very recently, chronic treatment of obese db/db mice with the inhibitor fasudil was reported to have no effect on blood glucose levels (20) . In contrast, in normal mice, we found that acute treatment with ROCK inhibitor Y-27632 causes insulin resistance in vivo by reducing insulin-mediated glucose uptake in skeletal muscle (22) . In support of this, our previous work demonstrated that overexpression of dominant negative ROCK decreases insulinstimulated glucose transport in L6 muscle cells, isolated soleus muscle ex vivo, and 3T3-L1 adipocytes via impairing PI3K activity (22) . However, the use of different inhibitors, doses, treatment times, and animal models in these in vivo animal studies limits understanding of the roles of ROCK in regulating glucose homeostasis and insulin sensitivity in vivo. The fact that ROCK inhibitors target both ROCK isoforms and that their specificities may not be absolute further complicates interpretation of these studies (23) .
In this study, we examined the physiological role of ROCK1 in the regulation of glucose homeostasis, whole body insulin sensitivity, and insulin action in mice with particular emphasis on the molecular basis of insulin resistance. Here we provide the evidence that global ROCK1 deficiency in mice causes insulin resistance in vivo in part via serine 632/635 phosphorylation of IRS-1. These data identify ROCK1 as a novel regulator of whole body glucose homeostasis and insulin signaling in vivo.
MATERIALS AND METHODS

Animals-ROCK1 knock-out (ROCK1
Ϫ/Ϫ ) mice used for experiments were generated on a C57BL/6 -129/SvJ mixed background and then backcrossed at least 10 generations onto an FVB background (24) . Heterozygous ROCK1-deficient (ROCK1 ϩ/Ϫ ) and ROCK1 Ϫ/Ϫ mice were viable with no detectable anatomic abnormalities (24) . ROCK1 ϩ/Ϫ mice were intercrossed to generate male and female wild type (WT), ROCK1 ϩ/Ϫ , and ROCK1 Ϫ/Ϫ littermates, which were studied at ϳ16 -18 weeks of age. The mice were fed standard chow (PMI Feeds, Inc., St. Louis, MO) ad libitum and housed under controlled temperature at 24°C and a 12-h light-dark cycle with light from 6:30 a.m. to 6:30 p.m. All aspects of animal care and experimentation were conducted in accordance with the National Institutes Health Guide for the Care and Use of Laboratory Animals (34) and approved by the Institutional Animal Care and Use Committees of Indiana University and Beth Israel Deaconess Medical Center.
Metabolic Measurements-Blood was collected from random fed or overnight fasted mice via tail bleed between 8 and 10 a.m. Blood glucose was measured using an OneTouch Ultra glucose meter (LifeScan, Inc., Milpitas, CA). Serum insulin was measured by enzyme-linked immunosorbent assay (Crystal Chem Inc., Chicago, IL). For glucose tolerance tests, male mice were fasted overnight, and blood glucose was measured immediately before and 15, 30, 45, 60, 90, and 120 min after intraperitoneal injection of glucose (1.0 g/kg of body weight). For insulin tolerance tests, food was removed for 5 h in the morning, and blood glucose was measured immediately before and 15, 30, 45, 60, and 75 min after intraperitoneal injection of human insulin (0.75 unit/kg of body weight; HumulinR, Lilly). The area under the curve or above the curve for glucose or insulin was calculated (see Fig. 1 ) using the trapezoidal rule for glucose or insulin data.
Insulin Signaling Studies-Female WT, ROCK1 ϩ/Ϫ , and ROCK Ϫ/Ϫ mice were fasted overnight. Mice were injected intraperitoneally with human insulin (10 unit/kg of body weight; HumulinR) or saline and scarified 10 min later. Gastrocnemius muscle was rapidly removed and snap-frozen in liquid nitrogen and stored at Ϫ80°C until analysis. Muscle was homogenized in lysis buffer as described (22) . PI3K activities were measured as described (25) . Muscle lysates (20 - (25) . All phosphorylation data were normalized by the total protein levels.
Statistical Analysis-Data are expressed as mean Ϯ S.E. Differences between two groups were assessed using unpaired two-tailed t tests and among more than two groups by ANOVA. Data involving more than two repeated measures were assessed by repeated measures ANOVA. When a significant difference was found with ANOVA, post hoc analyses were performed with Fisher's protected least significant difference test. Differences were considered significant at p Ͻ 0.05. Analyses were performed using StatView software (BrainPower Inc.).
RESULTS
ROCK1 Deficiency Impairs Insulin Sensitivity in
Mice-Body weight tended to be slightly decreased in both female and male ROCK1 Ϫ/Ϫ mice as compared with WT littermates, but differences were not statistically significant (supplemental Fig. 1, A 
and E). Adipose tissue mass in female ROCK1
Ϫ/Ϫ mice tended to be lower than that in WT littermates (0.72 Ϯ 0.10 g in WT mice versus 0.65 Ϯ 0.12 g in ROCK1 Ϫ/Ϫ mice). However, the effect was no longer present when normalized for body weight (2.52 Ϯ 0.33% in WT mice versus 2.49 Ϯ 0.37% in ROCK1 Ϫ/Ϫ mice). There were no differences in liver or heart weight normalized to body weight between genotypes (liver, 4.20 Ϯ 0.19% in WT mice versus 4.08 Ϯ 0.14% in ROCK1 Ϫ/Ϫ mice; heart, 0.47 Ϯ 0.02% in WT mice versus 0.46 Ϯ 0.02% in ROCK1 Ϫ/Ϫ mice). At 16 -18 weeks of age, female and male ROCK1 Ϫ/Ϫ mice had similar fed and fasted blood glucose levels as compared with WT mice (supplemental Fig. 1, B and F) . Fasted serum insulin levels tended to be higher in female ROCK1
Ϫ/Ϫ mice (p Ͻ 0.10) but were significantly increased in male ROCK1 Ϫ/Ϫ mice (p Ͻ 0.05) as compared with WT mice (supplemental Fig.  1, C and G) . Female and male ROCK1 Ϫ/Ϫ mice had a higher risk for insulin resistance, as revealed by higher insulin levels in the fed state. Fed serum insulin levels were increased ϳ1.7-fold in female ROCK1
Ϫ/Ϫ mice and ϳ1.5-fold in male ROCK1
and G). When insulin sensitivity was expressed as the glucose ϫ insulin product, both female and male ROCK1 Ϫ/Ϫ mice displayed higher values than WT (1.8-and 2.0-fold, respectively), indicating that insulin sensitivity is decreased in these mice (supplemental Fig. 1, D and H) .
To determine the physiological consequence of the absence of ROCK1 in glucose metabolism, we evaluated glucose homeostasis in ROCK1 Ϫ/Ϫ mice by insulin tolerance tests (ITTs) and glucose tolerance tests (GTTs). ROCK1 Ϫ/Ϫ mice were insulinresistant as evidenced by a lack of decrease in blood glucose levels after insulin injection (0.75 units/kg of body weight), whereas in WT mice, glucose levels decreased about 56% after insulin injection (Fig. 1A) . The area above the glucose curve was decreased ϳ25% in ROCK1 ϩ/Ϫ mice, although this did not reach significance (p Ͻ 0.10), and ϳ50% in ROCK1 Ϫ/Ϫ mice (p Ͻ 0.001) as compared with WT littermates (Fig. 1B) .
In contrast, glucose tolerance was normal in ROCK1
Ϫ/Ϫ mice, as indicated by similar areas under the glucose curve during the GTT (Fig. 1, C and D) . After an overnight fast, ROCK1 Ϫ/Ϫ mice had elevated insulin levels at the start of the GTT. Moreover, glucose-induced insulin secretion during the GTT was significantly increased in ROCK1 Ϫ/Ϫ mice as compared with WT littermates (Fig. 1E) . The area under the insulin curve was increased by ϳ50% in ROCK1 Ϫ/Ϫ mice as compared with WT mice (p Ͻ 0.01) (Fig. 2F) . When plotting glucose versus insulin during the GTT, ROCK1
Ϫ/Ϫ and WT mice had similar slopes, indicating similar incremental pancreatic ␤-cell responsiveness to a glucose load (Fig. 1G) . However, the regression intercept was significantly shifted upward for ROCK1 Ϫ/Ϫ mice as compared with WT, such that for a given glucose level, the pancreas secreted 65% more insulin (Fig. 1G) .
ROCK1 Deficiency Impairs Skeletal Muscle Insulin Signaling in Mice-To explore the mechanism by which deletion of ROCK1 causes systemic insulin resistance, we measured the ability of insulin to activate PI3K and multiple distal pathways in skeletal muscle of ROCK1 Ϫ/Ϫ mice. As expected, ROCK1 protein was not detected in muscle of ROCK1 Ϫ/Ϫ mice, whereas ROCK2 protein expression was preserved (Fig. 2A) . The levels of ROCK1 protein in ROCK1 ϩ/Ϫ mice were reduced by ϳ35% in muscle as compared with WT mice (Fig. 2A) . There is no significant difference in RhoA protein amounts among WT, ROCK1 ϩ/Ϫ , and ROCK1 Ϫ/Ϫ mice ( Fig. 2A) . Interestingly, the protein levels of RhoE were increased in ROCK1 Ϫ/Ϫ mice as compared with WT littermates (Fig. 2A) .
Insulin-stimulated PI3K activity associated with IRS-1 or phospho-tyrosine was significantly decreased in skeletal muscle of ROCK1 Ϫ/Ϫ mice as compared with WT (Fig. 2B) . This decrease in PI3K activity corresponded closely with a reduction in IRS-1 tyrosine 612 phosphorylation, the binding site for the p85 subunit of PI3K, in ROCK1 Ϫ/Ϫ mice (Fig. 2, C and D) . In parallel, phosphorylation of IRS-1 at serine 632/635, which is phosphorylated by ROCK in vitro (22) , was also impaired in ROCK1 Ϫ/Ϫ mice (Fig. 2, C and D) . Concurrently, insulin stim- , and ROCK1 Ϫ/Ϫ mice. A GTT was performed in overnight fasted mice with intraperitoneal injection of glucose at 1.0 g/kg of body weight. Blood glucose was determined from tail bleeds at the indicated times. D, the area under the glucose curve was calculated during the GTT. E, serum insulin levels during the GTT from WT and ROCK1 Ϫ/Ϫ mice. Insulin levels were measured from tail bleeds during GTT. F, the area under the insulin curve was calculated as described under "Materials and Methods." G, correlation between glucose and insulin levels during the GTT in WT and ROCK1 Ϫ/Ϫ mice. All data are from male mice. Data are means Ϯ S.E. for 6 -8 mice. *, p Ͻ 0.05, **, p Ͻ 0.01 versus WT mice, #, p Ͻ 0.05 versus ROCK1 ϩ/Ϫ mice.
ulation of Akt and AS160 phosphorylation in skeletal muscle was decreased in ROCK1 Ϫ/Ϫ mice as compared with WT (Fig.  2, C and D) . Furthermore, ROCK1 deficiency decreased phosphorylation of S6K, and its downstream S6 ribosomal protein was induced by insulin. Interestingly, S6 phosphorylation was markedly reduced in ROCK1 ϩ/Ϫ mice despite normal S6K phosphorylation (Fig. 2, C and D) . Except for S6K phosphorylation, the activation of skeletal muscle insulin signaling in ROCK1 ϩ/Ϫ mice in response to insulin stimulation was intermediate between ROCK1
Ϫ/Ϫ and WT mice. Importantly, ROCK1 deficiency did not affect insulin-stimulated IR tyrosine phosphorylation, IRS-1 serine 307 phosphorylation, and MAPK phosphorylation in skeletal muscle (Fig. 2, C and D) . Protein expression of insulin signaling molecules was not altered by ROCK1 deficiency. Loss of ROCK1 also had no effect on the expression of Glut4, the insulin-responsive glucose transporter in skeletal muscle (Fig. 2, C and D) .
Our previous work demonstrated that overexpression of dominant negative ROCK inhibits insulin-stimulated IRS-1-associated PI3K but not the phosphorylation of Akt at both Ser 473 and Thr 308 and p70 S6 kinase in 3T3-L1 adipocytes (22) . However, in the present study, insulin-stimulated phosphorylation of Akt and p70 S6kinase was significantly reduced in ROCK1-deficient mice. This discrepancy is likely due to the fact that previous studies were done in vitro in adipocytes, whereas the current studies were performed in vivo in skeletal muscle. Furthermore, we used a dominant negative form of ROCK2, which inhibits the activity of both ROCK1 and ROCK2 (26, 27) . Thus, another explanation for this might be differences in ROCK isoform specificity.
DISCUSSION
The current study provides in vivo evidence of a physiological role of ROCK1 in the regulation of glucose homeostasis and insulin signaling and identifies a potentially novel therapeutic target for the prevention and treatment of type 2 diabetes. Our previous work demonstrated that dominant negative ROCK overexpression or chemical ROCK inhibition decreases insulinstimulated glucose transport in L6 muscle cells and isolated skeletal muscle ex vivo via impairing IRS-1-associated PI3K activity (22) . Consistent with these in vitro data, we report here that ROCK1 deficiency in mice results in whole body insulin resistance and impaired skeletal muscle insulin signaling. These effects are independent of changes in body adiposity. Akt and AS160 phosphorylation, both of which are required for insulin-dependent Glut4 translocation (6, 28) , were markedly decreased in skeletal muscle of ROCK1 Ϫ/Ϫ mice in response to insulin, suggesting that glucose transport into muscle may be impaired in these mice. Despite this, glucose tolerance of ROCK1 Ϫ/Ϫ mice was normal, which may result from increased glucose-induced insulin secretion. Indeed, our results show that ROCK1
Ϫ/Ϫ mice have elevated serum insulin during the glucose excursion of a glucose tolerance test as well as in the fasted and fed states. The increased serum insulin in ROCK1 Ϫ/Ϫ mice may be due to ␤-cell compensation for insulin resistance. Alternatively, ROCK1 may directly regulate insulin secretion, as evidenced by the fact that ROCK inhibition in primary pancreatic ␤-cells prolongs glucose-stimulated insulin secretion (29) . Moreover, ROCK inhibition in pancreatic ␤-cell-derived HIT-T15 cells markedly increased insulin gene expression (30) . Importantly, however, ROCK1 deficiency had no effect on insulin-stimulated tyrosine phosphorylation of IR in skeletal muscle, indicating that the effects of ROCK1 on whole body glucose homeostasis are downstream of IR. Thus, our data suggest that ROCK1 functions in skeletal muscle may be critical in regulating whole body glucose homeostasis. Data emerging from several laboratories over the past several years indicate that serine phosphorylation of IRS-1 is a key regulator of insulin signaling (31) . However, the effects of phosphorylation of individual IRS-1 serine residues on insulin signaling appear to be complex, maybe context-dependent, and are still being defined. The mechanism(s) by which dominant negative ROCK overexpression or chemical ROCK inhibition decreases insulin-stimulated glucose transport in cultured cells in vitro is due in part to the absence of ROCK-dependent IRS-1 serine 632/635 phosphorylation, which impairs interaction of IRS-1 with the p85 regulatory subunit of PI3K (22) . Consistent with these data, insulin-stimulated IRS-1 serine 632/635 phosphorylation and PI3K activity associated with IRS-1 or phospho-tyrosine are impaired in skeletal muscle of ROCK1 Ϫ/Ϫ mice. Impaired insulin-induced IRS-1 serine 632/635 phosphorylation also accompanies decreased PI3K and ROCK activation in skeletal muscle of obese, insulin-resistant, or diabetic mice and rats, 5 suggesting that impaired IRS-1 serine 632/635 phosphorylation may be an important mechanism contributing to the pathogenesis of insulin resistance in obesity. Reducing phosphorylation of IRS-1 serine 632/635 may impair PI3K activity by altering the affinity of the adjacent tyrosine 612 YXXM motif for PI3K (3, 22) . Interestingly, mammalian target of rapamycin (mTOR)-mediated IRS-1 serine 632/635 phosphorylation has been shown to inhibit insulin-stimulated IRS-1 tyrosine phosphorylation in 293 HEK cells (32, 33) . Further studies will be needed to determine whether the disparate effects of IRS-1 serine 632/635 phosphorylation in these models reflects other concurrent modifications of IRS-1. Regardless, our data provide key in vivo experimental evidence that ROCK1 regulates insulin action in controlling whole body glucose homeostasis and insulin sensitivity.
In conclusion, results reported here show that deficiency of ROCK1 causes whole body insulin resistance by impairing insulin signaling in skeletal muscle, suggesting that activation of ROCK1 is essential for the normal actions of insulin on glucose transport in skeletal muscle in vivo. Thus, our studies identify ROCK1 as a novel stimulator of insulin action in vivo. Further studies of ROCK1 and ROCK2 functions in different metabolic tissues will be needed to precisely delineate ROCK isoform functions to regulate tissue and whole body insulin sensitivity and glucose homeostasis. The emergence of ROCK1 as an important regulator of insulin action could further lead to new treatment approaches for obesity and type 2 diabetes.
